The existence of submillimeter-selected galaxies (SMGs) at redshifts z > 4 has recently been confirmed. Using simultaneously all the available data from UV to radio we have modeled the spectral energy distributions of the six known spectroscopically confirmed SMGs at z > 4. We find that their star formation rates (average ∼ 2500 M ⊙ yr −1 ), stellar (∼ 3.6×10 11 M ⊙ ) and dust (∼ 6.7×10 8 M ⊙ ) masses, extinction (A V ∼ 2.2 mag), and gas-to-dust ratios (∼ 60) are within the ranges for 1.7 < z < 3.6 SMGs. Our analysis suggests that infrared-to-radio luminosity ratios of SMGs do not change up to redshift ∼ 5 and are lower by a factor of ∼ 2.1 than the value corresponding to the local IR-radio correlation. However, we also find dissimilarities between z > 4 and lower-redshift SMGs. Those at z > 4 tend to be among the most star-forming, least massive and hottest (∼ 60 K) SMGs and exhibit the highest fraction of stellar mass formed in the ongoing starburst (∼ 45%). This indicates that at z > 4 we see earlier stages of evolution of submillimeter-bright galaxies. Using the derived properties for z > 4 SMGs we investigate the origin of dust at epochs less than 1.5 Gyr after the big bang. This is significant to our understanding of the evolution of the early universe. For three z > 4 SMGs, asymptotic giant branch stars could be the dominant dust producers. However, for the remaining three only supernovae (SNe) are efficient and fast enough to be responsible for dust production, though requiring a very high dust yield per SN (0.15-0.65 M ⊙ ). The required dust yields are lower if a top-heavy initial mass function or significant dust growth in the interstellar medium is assumed. We estimate lower limits of the contribution of SMGs to the cosmic star formation and stellar mass densities at z ∼ 4-5 to be ∼ 4% and ∼ 1%, respectively.
INTRODUCTION
Submillimeter-selected galaxies (SMGs) are among the most powerful starburst galaxies in the Universe. Most of them have been found at redshifts 1.5-3 . Their complex selection criteria (Blain et al. 2004) , in particular the requirement of a radio detection to obtain a precise localization, make it difficult to discover the very high redshift tail of SMGs. This was addressed using deep, high resolution observations of SMGs (Iono et al. 2006; Tacconi et al. 2006 Tacconi et al. , 2008 Wang et al. 2007 Wang et al. , 2009 Younger et al. 2007 Younger et al. , 2008a Younger et al. ,b, 2009b Dannerbauer et al. 2008; Cowie et al. 2009 ). The existence of SMGs at z > 4 has recently been spectroscopically confirmed by Coppin et al. (2009 ), Capak et al. (2008 , Schinnerer et al. (2008) , Daddi et al. (2009b,a) , and Knudsen et al. (2008 Knudsen et al. ( , 2010 .
At these redshifts the age of the Universe is < 1.5 Gyr, which enforces the need for careful analysis of the timescales for formation of stars and dust. The important question is if supernovae (SNe), or asymptotic giant branch (AGB) stars, or some other sources are responsible for production of dust residing in these galaxies. Locally, dust is predominantly formed by evolved, post-main-sequence stars (Gehrz 1989) , but the situation may be different at high redshifts. Dwek et al. (2007) claimed that only SNe can produce dust on timescales 1 Dark Cosmology Centre, Niels Bohr Institute, University of Copenhagen, Juliane Maries Vej 30, DK-2100 Copenhagen Ø, Denmark; michal@dark-cosmology.dk 2 Scottish Universities Physics Alliance, Institute for Astronomy, University of Edinburgh, Royal Observatory, Edinburgh, EH9 3HJ, UK less than 1 Gyr, but it has been shown by Valiante et al. (2009) that AGB stars begin to dominate dust production over SNe as early as 150-500 Myr after the onset of star formation (see also Sloan et al. 2009 ). SN-origin dust has been claimed to be present in z ∼ 6.2 quasar (Maiolino et al. 2004 ) and in two gamma-ray burst host galaxies at z ∼ 6.3 (Stratta et al. 2007 , but see other interpretation of their data in Zafar et al. 2010 ) and at z ∼ 5 (Perley et al. 2009 ).
In order to understand the formation of SMGs and their evolution through cosmic time, it is also important to compare high-and low-redshift SMG samples. This may help to constrain when their stars were formed.
SMGs at z > 4 are also suitable to study the infrared (IR) -radio correlation. This remarkably tight correlation, found locally (Helou et al. 1985; Condon 1992) , was studied at redshifts z 3.5 (Garrett 2002; Gruppioni et al. 2003; Appleton et al. 2004; Kovács et al. 2006; Boyle et al. 2007; Marleau et al. 2007 ; Vlahakis et al. 2007; Yang et al. 2007; Beswick et al. 2008; Hainline 2008; Ibar et al. 2008; Sajina et al. 2008; Garn et al. 2009; Micha lowski et al. 2010; Murphy et al. 2009; Murphy 2009; Rieke et al. 2009; Seymour et al. 2009; Younger et al. 2009b; Sargent et al. 2010) . No significant evolution of the correlation was found up to these redshifts, but SMGs seem to form a correlation by their own offset toward higher radio luminosities Micha lowski et al. 2010; Murphy et al. 2009; Murphy 2009 ). The only sign of evolution was reported by Ivison et al. (2010) based on stacking analysis of 24 µm-selected galaxies, though possibly interpreted as a Note.
-The measured fluxes (Column 4) are given with the corresponding 1σ errors (Column 5). The data for SMMJ163555.5+661300 have been corrected for lensing magnification of a factor of 5.5. (This table is available in its entirety in a machine-readable form in the online journal. A portion is shown here for guidance regarding its form and content.)
References. -Capak et al. (2004 -Capak et al. ( , 2008 ; Giavalisco et al. (2004); Wang et al. (2004 Wang et al. ( , 2007 Wang et al. ( , 2009 Note. -When the error is equal to zero, the flux column denotes the 3σ upper limit. Otherwise it denotes formal flux at the position of an SMG. The data for SMMJ163555.5+661300 have been corrected for lensing magnification of a factor of 5.5. (This table is available in its entirety in a machine-readable form in the online journal. A portion is shown here for guidance regarding its form and content.)
References. -Capak et al. (2004 -Capak et al. ( , 2008 ; Giavalisco et al. (2004) ; Wang et al. (2004 Wang et al. ( , 2007 Wang et al. ( , 2009 ; Frayer et al. (2006) ; Iono et al. (2006) ; Pope et al. (2006); Dannerbauer et al. (2008) ; Greve et al. (2008); Perera et al. (2008); Schinnerer et al. (2008); Casey et al. (2009); Chapin et al. (2009); Coppin et al. (2009); Daddi et al. (2009b,a) ; Devlin et al. (2009); Knudsen et al. (2010) selection effect. It is however possible that the correlation breaks down at even earlier epochs due to changes in star formation processes, e.g., suppression of radio emission in inverse Compton losses off the CMB photons as suggested by , Murphy (2009) .
In Micha lowski et al. (2010) we analyzed the full UVto-radio spectral energy distributions (SEDs) of 76 SMGs from the Chapman et al. (2005) sample with spectroscopic redshifts up to z < 3.6. Here we extend that study by analyzing the sample of all spectroscopically confirmed SMGs at z > 4. The main objective of this paper is to characterize the required efficiency of dust producers (SNe and AGB stars) at these early epochs of the evolution of the Universe. In Section 2 the SMG sample is presented. We outline our methodology and derive the properties of SMGs in Section 3 and discuss the implications in Section 4. Section 5 closes with our conclusions. We use a cosmological model with H 0 = 70 km s −1 Mpc −1 , Ω Λ = 0.7 and Ω m = 0.3.
SAMPLE
We selected all six SMGs with robust (optical or CO) redshifts at z > 4 identified by Coppin et al. (2009 ), Capak et al. (2008 , Schinnerer et al. (2008) , Daddi et al. (2009b,a) , and Knudsen et al. (2008 Knudsen et al. ( , 2010 in the ECDF-S (900 arcmin 2 ; Coppin et al. 2009; Greve et al. 2009; Weiß et al. 2009) Hughes et al. 1998; Barger et al. 2000; Chapman et al. 2001; Borys et al. 2003; Serjeant et al. 2003; Wang et al. 2004) , and Abell 2218 (11.8 arcmin 2 ; Knudsen et al. 2006) fields. The photometric data are presented in Tables 1 and 2. The data for SMMJ163555.5+661300 have been corrected for lensing magnification of a factor of 5.5 obtained by Knudsen et al. (2010) using the model of Elíasdóttir et al. (2007) .
Our sample is not homogeneously selected. Namely, some of the sources are bright enough in the optical to allow spectroscopy, whereas redshifts of some of them were measured based on CO emission (one even not detected at optical wavelengths). In particular, LESSJ033229.4-275619 and MMJ100054.48+023435.9 were targeted spectroscopically, because they are V -dropouts suggesting z ≈ 5 (Coppin et al. 2009; Capak et al. 2008) and their optical counterparts (and hence, redshifts) are based on detections at radio wavelengths, which likely biases them toward high star formation rates (SFRs). The CO lines from SMMJ123711.7+622212 (called GN20 in Pope et al. 2006 ) and SMMJ123709.5+622206 (GN20.2a) were detected serendipitously while observing an angularly close galaxy at z = 1.522 (Daddi et al. 2009b) , and the CO emission of SMMJ123633.8+621408 (GN10) was searched for under the assumption that it is a member of the protocluster structure containing GN20 and GN20.2a (Daddi et al. 2009a ). Finally, SMMJ163555.5+661300 was detected because of its lensing magnification and is therefore intrinsically the faintest member of our sample.
It is therefore not easy to quantify how selection effects influence our results. Very likely our sample is biased toward high luminosity objects, i.e., with high SFRs. This is supported by the fact that SMMJ163555.5+661300, magnified by lensing and the only member of our sample not detected in the radio, has a much lower SFR than blank-field members of our sample (Table 3) . However, given the significance of the Spitzer IRAC detections (rest-frame ∼ 1-2 µm) of 10σ, our sample is not biased against low stellar masses.
SED FITTING AND RESULTS
We applied the SED fitting method detailed in Micha lowski et al. (2008 Micha lowski et al. ( , 2009 Micha lowski et al. ( , 2010 , see therein a discussion of the derivation of galaxy properties and typical uncertainties) based on 35 000 templates in the library of Iglesias-Páramo et al. (2007) , plus some templates of Silva et al. (1998) and Micha lowski et al. (2008) , all developed in GRASIL (Silva et al. 1998) . The templates cover a broad range of galaxy properties and were tested to reproduce the SEDs of high-redshift galaxies (Silva et al. 1998; Iglesias-Páramo et al. 2007; Micha lowski et al. 2008 Micha lowski et al. , 2010 .
Their star formation histories are assumed to be a smooth Schmidt-type law (SFR proportional to the gas mass to some power, see Silva et al. 1998 , for details) with a starburst (if any) on top of that starting 50 Myr before the time at which >2.29 SB Note. -Column (1): SMG name (alternative names from Wang et al. 2004 Wang et al. , 2009 Pope et al. 2006; Daddi et al. 2009b,a; Perera et al. 2008; Chapin et al. 2009 ). Column (2): redshift (Coppin et al. 2009; Capak et al. 2008; Daddi et al. 2009b,a; Knudsen et al. 2010) . Column (3): total star formation rate (SFR) for 0.15 − 120 M ⊙ stars averaged over the last 50 Myr derived from the SED model. Column (4): SFR from UV emission interpolated from the SED template (using Kennicutt 1998) . Column (5): SFR from IR emission (Column 12) used in all analysis throughout the paper (using Kennicutt 1998) . Column (6): SFR from radio emission derived directly from the radio data (using Bell 2003) . Column (7): specific SFR ≡ SFR IR /M * . Column (8): stellar mass. Column (9): Ratio of the mass of gas converted to star during the recent starburst episode to the total stellar mass. Column (10): stellar mass to light ratio (luminosity at rest-frame K was interpolated using the best SED model). Column (11): dust mass. Column (12): total 8 − 1000 µm infrared luminosity. Column (13): dust temperature (we assumed emissivity index β = 1.3). Column (14): Average extinction A V = 2.5 log(V -band starlight unextinguished / V -band starlight observed). Column (15): IR-radio correlation parameter (Section 4.3). Column (16): AGN flag -SB: X-ray identified starburst (no X-ray detection; Coppin et al. 2009; Capak et al. 2008; Dannerbauer et al. 2008; Wang et al. 2009; Knudsen et al. 2010) , as opposed to X-ray identified AGN (Alexander et al. 2005) ; spec: spectroscopically identified AGN (Coppin et al. 2009 ); rad: radio datapoint is more than 3σ above the starburst model. the SED is computed. There are seven free parameters in the library of Iglesias-Páramo et al. (2007) : the normalization of the Schmidt-type law, the timescale of the mass infall, the intensity of the starburst, the timescale of the molecular cloud destruction, the optical depth of molecular clouds, the age of a galaxy and the inclination of a disk with respect to the observer.
We scaled all the SEDs to match the data (detections) and chose the one with the lowest χ 2 . In all but one case (see below) the upper limits did not provide a constraint on the best-fitting model.
In all but one case we obtained the best fits using the library of Iglesias-Páramo et al. (2007) . For GN10 we fitted a model corresponding to a 0.1 Gyr old progenitor of an elliptical galaxy (Silva et al. 1998 ) with modified maximum grain temperatures from 400 K to 100 K in order to suppress strong mid-IR emission in the original model, otherwise inconsistent with the data. All other models failed to reproduce its extremely red observedframe 2.1-3.6 µm color ).
The best fits 3 are shown in Figure 1 . It is apparent that GRASIL models can reproduce the SEDs of even such distant galaxies. The resulting properties of the galaxies are listed in Table 3 .
In order to assess the uncertainties of the derived parameters, we calculated the confidence intervals using SED models with ∆χ 2 < 1. The resulting uncertainties are a factor of ∼ 2-4 for SFRs and L IR ; a factor of ∼ 1.5-2.5 for M * ; a factor of ∼ 2-5 for M burst ; ∼ 10 K for T d ; and 0.3-1.0 mag for A V . The uncertainty on T d introduces a factor of ∼ 1.5-2.5 error on M d and allowing the emissivity β to vary in the range 1-2 results in an uncertainty of a factor of < 3 on M d . The choice of a Salpeter (1955) initial mass function (IMF) with cutoffs of 0.15 and 120 M ⊙ introduces a maximum systematic error of a factor of ∼ 2 in the determination of the stellar masses and SFRs (Erb et al. 2006) .
Our estimates of SFRs, L IR and M d are consistent within a factor of < 3 with those obtained by Coppin et al. and Capak et al. (2008) , respectively, and for SMMJ163555.5+661300 ∼ 5 times larger than Knudsen et al. (2010) .
The difference can be explained by the fact that Coppin et al. (2009) assumed a mass-to-light ratio of M * /L K = 0.1 and the determinations of Capak et al. (2008) and Knudsen et al. (2010) correspond to M * /L K ∼ 0.03 and ∼ 0.17, respectively. These are very low values compared to lower- Table 3 . Only the first parts of their names are given for brevity.
redshift galaxies (e.g., Drory et al. 2004; Portinari et al. 2004; Labbé et al. 2005; Castro Cerón et al. 2006 van der Wel et al. 2006; Courty et al. 2007; Micha lowski et al. 2010; Savaglio et al. 2009 ) giving lower limits on stellar masses. On the other hand, we do not assume mass-to-light ratios, but derive them from the stellar population models incorporated in GRASIL. Table 3 ) during which a substantial fraction (average ∼ 45%, Column 9) of their stellar population was formed. They are therefore manifestations of the strongest known star-forming events in the universe. Their high stellar masses (average ∼ 3.6 × 10 11 M ⊙ ) agree with a suggestion of Davé et al. (2009) based on numerical simulations that the most rapidly star forming galaxies coincide with the most massive galaxies.
The properties of the galaxies are within the ranges found by Micha lowski et al. (2010) for the 1.7 < z < 3.6 SMG sample ). However, z > 4 SMGs tend to be among the most star-forming, least massive, and hottest SMGs and exhibit the highest fraction of stellar mass formed in the ongoing starburst. Namely, 43% of 1.7 < z < 3.6 SMGs have lower SFRs than any of the z > 4 SMGs 5 , whereas only 2% have higher SFRs; 30% of 1.7 < z < 3.6 SMGs have higher stellar masses, whereas only 8% have lower stellar masses; 55% have a lower fraction of stellar mass formed in the ongoing starburst episode, whereas only 2% have higher fraction; and 28% have lower dust temperatures, whereas only 4% have higher temperature. This can be interpreted as SMGs at z > 4 representing earlier stages of the formation of submillimeter-bright galaxies at which the pre-existing stellar population is less pronounced and therefore the ongoing starburst episode contributes more to the final stellar mass.
However, we note that we cannot exclude the possibility that these galaxies are AGN dominated, suggested by their high IR luminosities and dust temperatures. In that case the SFRs and M * we derive would be upper limits.
If GN10 is not AGN dominated, then the fact that we could only fit its SED using a template corresponding to a young (0.1 Gyr old) progenitor of an elliptical galaxy supports the hypothesis that SMGs evolve into ellipticals. According to our model, after 1.5 Gyr GN10 will evolve into a massive elliptical containing ∼ 10 12 M ⊙ stars. In order to explain its extremely red observedframe 2.1-3.6 µm color, we did not need to invoke an old stellar population as suggested by Wang et al. (2009) . Its spectrum is reproduced by a young stellar population residing in molecular clouds heavily obscured by dust with A V ∼ 7.8 mag (Table 3 , Column 14). This estimate is similar to the values obtained using only near-IR and optical data by Daddi et al. (2009a) and Wang et al. (2009) .
On the other hand the remaining z > 4 SMGs are only moderately obscured (A V ∼ 2 mag; Column 14). We checked that this value of extinction is roughly consistent with the expectation based on the estimation of the amount of energy reprocessed by dust. A crude estimate of the UV (0.2 µm) extinction can be calculated using A 0.2 µm = 2.5 log(SFR IR /SFR UV ). This gives A 0.2 µm ∼ 20 mag for GN10 and ∼ 3.8-6.3 mag for the other objects. Assuming that A 0.2 µm ∼ 3 × A V (e.g., Gordon et al. 2003) , this corresponds to A V ∼ 6.6 mag for GN10 and A V ∼ 1.2-2.1 mag for the other objects. These values are consistent with those derived from the SED modeling (Table 3) .
We estimated the SMG comoving volume densities as a sum of SFRs (or L IR , or stellar or dust masses) of z > 4 SMGs 6 divided by the comoving volume in the redshift interval 4-5 (5.9 × 10 6 Mpc 3 ). We obtained ρ SFR = 2.6 × 10 −3 M ⊙ yr −1 Mpc −3 (a similar value was found by Younger et al. 2009a , based on candidates for highredshift SMGs), log ρ LIR = 7.17 L ⊙ Mpc −3 , log ρ * = 5.54 M ⊙ Mpc −3 , and log ρ dust = 2.81 M ⊙ Mpc −3 . However one must keep in mind that these numbers could be affected by cosmic variance, because three out of five SMGs considered here are members of a protocluster structure (Daddi et al. 2009b,a) . The contributions to the cosmic SFR and stellar mass densities of SMGs at these redshifts are 4.4% and 1.0%, respectively, using the compilation of the total values in Micha lowski et al. (2010, Tables A.4 and A.5) . These numbers indicate that currently detected SMGs did not contribute significantly to the cosmic star formation history at z > 4, but our estimates should be regarded as lower limits since more of such distant SMGs could still be undetected in the fields discussed here.
Producers of Dust in z > 4 SMGs
The dust masses we find for z > 4 SMGs (Table 3, Column 11) are similar to those derived for Note. -The IMF is either Salpeter (1955) with α = 2.35 or top-heavy with α = 1.5. The total mass indicates if the entire stellar mass (M * ) was used to calculate the number of stars (Equation A1), or if stars created during the ongoing starburst were excluded (M * −M burst ). The last six columns contain dust yields for all SMGs in the order given in Table 3 . Only the first parts of their names are given for brevity.
z ∼ 4-6 quasars (a few×10 8 M ⊙ ; Dunlop et al. 1994; Benford et al. 1999; Archibald et al. 2001; Omont et al. 2001; Priddey & McMahon 2001; Priddey et al. 2003 Priddey et al. , 2008 Isaak et al. 2002; Bertoldi et al. 2003a; Robson et al. 2004; Beelen et al. 2006; Wang et al. 2008; Martínez-Sansigre et al. 2009 ). These huge dust masses indicate that dust in SMGs was efficiently formed and able to survive even when the age of the universe was only 1.2-1.5 Gyr.
As detailed below we find that i) AGB stars are efficient and fast enough to form dust in the LESSJ033229.4-275619, GN20 and SMMJ163555.5+661300; ii) only SNe are efficient and fast enough to form dust in MMJ100054.48+023435.9, GN20.2a, and GN10, as long as the unusually high dust yields derived for Cassiopeia A and Kepler SN remnants are correct and typical, or if a top-heavy IMF and/or significant dust growth in the interstellar medium (ISM) is assumed. If these assumptions are correct, then SNe could also produce dust in SMGs mentioned in i.
These conclusions are not significantly affected by the uncertainties reported in Section 3. Even if dust masses were higher or stellar masses lower by a factor of a few, the required dust yields per SN would not exceed that of Cassiopeia A ) and Kepler (Gomez et al. 2009 ). It would however be more critical for AGB stars if dust masses were higher than we derived, since the required dust yields for LESSJ033229.4-275619, GN20, and SMMJ163555.5+661300 are already on the high end of the theoretically allowed yields. However, a decrease of dust masses by a factor of a few would not change our conclusion that AGB stars are not effective enough to form dust in MMJ100054.48+023435.9, GN20.2a, and GN10.
Asymptotic giant branch stars
In order to investigate whether AGB stars can be responsible for dust production in z > 4 SMGs, we estimated (see the Appendix) the average dust yields required per star with mass 2.5 < M < 8 M ⊙ and mainsequence lifetime in a range 1 Gyr-55 Myr (calculated as 10 10 yr × [M/M ⊙ ] −2.5 ; e.g., Kippenhahn & Weigert 1990) . The lower mass limit was chosen to ensure that the stars considered can start producing dust within the age of the universe at the redshifts of our sources (1.2-1.5 Gyr).
The results are listed in the first row of Table 5 . They are independent of the assumed star formation history of galaxies, but depend only on derived dust and stellar masses, assumed IMF and measured redshifts. We find that each AGB star would need to produce ∼ 0.03-0.07 M ⊙ of dust in order to explain the dust in z > 4 SMGs, excluding GN20.2a (see below). These numbers are close to the highest theoretical dust yields of AGB stars Ferrarotti & Gail 2006 , the total dust yields per AGB star are approximately metallicity independent) making them plausible dust producers. Assuming a top-heavy IMF does not change this result significantly (the required dust yields increase by ∼ 30%), because the choice of the slope of the IMF affects the number of high-and low-mass stars, leaving the number of intermediate-mass stars approximately constant. For GN20.2a the required dust yield (0.17 M ⊙ ) is too high to claim that AGB stars formed its dust.
However, MMJ100054.48+023435.9 and GN10 formed the majority of their stars in the ongoing starburst episode (Column 9, Table 3), which is too short for the 2.5 < M < 8 M ⊙ stars considered above to finish their main-sequence phase. Therefore AGB stars could not contribute to the dust production in these two galaxies. To quantify this, we calculated the required dust yields for AGB stars taking into account only stars that were born before the ongoing starburst (replacing M * by M * − M burst in Equation A1 ). The resulting yields (the second row of Table 5 ) for LESSJ033229.4-275619, GN20, GN20.2a, and SMMJ163555.5+661300 do not differ significantly from our previous estimate (the first row of Table 5 ), because in this way we removed 30% of stars (those formed during the ongoing starburst). However the yields for MMJ100054.48+023435.9 and GN10 become too high to claim that AGB stars formed dust in these galaxies.
A potential limitation of this claim is the uncertainty in determining the fraction of stellar mass formed during the ongoing starburst episode. If more stars were formed in the past, then AGB stars could be responsible for dust production in these two galaxies. However, even if it was the case, then the current SFRs would be the same as we derive, because they are fixed by strong submillimeter emission. Then the ongoing starburst becomes unfeasibly short (< 25 Myr) in order not to produce more stars than is inferred from the optical to near-infared part of the spectra. Therefore, more stars in these two SMGs could have been formed before the ongoing starburst only if the current SFRs are overestimated due to a significant AGN contribution.
Supernovae
We repeated the analysis for SNe, i.e., calculated the required dust yields per one massive star (> 8 M ⊙ ). The yields are ∼ 0.15-0.65 M ⊙ of dust per SN (the third row of Table 5 ), consistent with the theoretical works (though without dust grain destruction imple- mented) of Todini & Ferrara (2001) and Nozawa et al. (2003) ; with a value predicted by Dwek et al. (2007) to account for dust in a z ∼ 6.4 quasar; and with submillimeter observation of SN remnants Cassiopeia A and Kepler Gomez et al. 2009 ). There is a debate about the latter results on Cassiopeia A and Kepler (e.g., Dwek 2004; Krause et al. 2004; Gomez et al. 2005; Wilson & Batrla 2005; Blair et al. 2007; Sibthorpe et al. 2009 ), but if the dust yields of Dunne et al. (2009) and Gomez et al. (2009) were correct and typical, then SNe would be efficient enough to account for the dust in all z > 4 SMGs.
However our, required estimates are at least an order of magnitude higher than any other observed SN dust yields, which are typically in the range ∼ 10 −3 -10 −2 M ⊙ (Green et al. 2004; Borkowski et al. 2006; Sugerman et al. 2006; Ercolano et al. 2007; Meikle et al. 2007; Rho et al. 2008 Rho et al. , 2009 Kotak et al. 2009; Sakon et al. 2009; Sandstrom et al. 2009; Wesson et al. 2009 ) and theoretically predicted dust masses able to survive in SN remnants (Bianchi & Schneider 2007) . This apparent difficulty in explaining dust production in z > 4 SMGs can be resolved with a combination of two plausible effects.
Approximately half of the discrepancy can be accounted for with a top-heavy IMF giving more SNe per unit stellar mass (both top-heavy and Salpeter IMFs have been claimed to reproduce the number counts of SMGs; Baugh et al. 2005; Fontanot et al. 2007 ). Changing the IMF slope from α = 2.35 to α = 1.5, consistent with values for low-mass star clusters (Scalo 1998 ) and a limit derived for a proto-star cluster (Sternberg 1998) , resulted in the required dust yield decreasing to 0.05-0.23 M ⊙ (the fourth row of Table 5 ).
The second possibility is that SNe provided only the dust seeds and that the bulk of the dust mass was accumulated during grain growth in the ISM (e.g., Draine 2003) . The timescale of this process is typically less than a few × 10 Myr (Hirashita 2000; Zhukovska et al. 2008; Draine 2009 ), i.e., short enough to contribute significantly to the growth of dust mass in z > 4 SMGs. However, the extreme environments of z > 4 SMGs may make it difficult for grains to grow before they are destroyed. The hypothesis of dust growth can be tested by investigation whether the grains formed by SN remnants are smaller than those present in z > 4 SMGs.
4.3. The IR-Radio Correlation at z > 4 Despite the differences compared to the 1.7 < z < 3.6 population (Section 4.1), the mean IR-to-radio luminosity ratio (q ≡ log[L IR /3.75 × 10 12 /I 1.4 ] with radio Kcorrections assuming a slope of −0.75) for z > 4 SMGs of 2.32 ± 0.20 is consistent with the values derived for lower-redshift SMGs (Micha lowski et al. 2010) . At z > 4 we find an offset of ∆q ∼ −0.32 (a factor of ∼ 2.1) from the local value of q = 2.64 (Bell 2003) , though due to the small sample, this offset is significant only at ∼ 1.6σ level.
Hence, with our multi-wavelength approach we confirm the results of Murphy (2009) , who derived the mean q = 2.16 ± 0.28 for z > 4 SMGs. Moreover, our estimate is consistent with a value of 2.41 ± 0.20 derived for 250 µm-selected galaxies at z < 3 by Ivison et al. (2010) .
The offset of ∆q ∼ −0.32 is consistent with a hypothesis of and that SMGs are "puffy starbursts" (vertically and radially extended galaxies with vertical scale heights ∼ 1 kpc) experiencing weaker bremsstrahlung and ionization losses resulting in stronger radio emission. We cannot however exclude an AGN contribution boosting their radio fluxes. Since the redshifts of four out of six z > 4 SMGs have been measured independently of radio detections, the radio excess cannot be a result of a bias against radio-faint sources.
In Figure 2 , we show the q-values as a function of redshift for both z > 4 SMGs discussed in this paper (red circles) and lower-redshift SMGs from Micha lowski et al. (2010) .
The IR-radio correlation of SMGs does not show any significant evolution in the redshift range 1.4 < z < 5.0.
A linear fit to all the data results in a low-significance (∼ 2σ) indication that q decreases with redshift (as also found by Ivison et al. 2010 , from a stacking analysis of 24 µm-selected galaxies) in the form q = (−0.078 ± 0.038)z + (2.50 ± 0.09). To date, there are only two q determinations at higher redshifts than presented here, namely z = 6.2 and 6.42 quasars (Carilli et al. 2004; Beelen et al. 2006 , q = 1.8-2.2).
4.4. Gas-to-Dust Ratio at z > 4 Using the molecular gas mass estimates (based on CO[4-3] line observations) from Schinnerer et al. (2008) and Daddi et al. (2009b,a) we derive gas-todust ratios of M H2 /M d = 73, 47, 22, and 98 for MMJ100054.48+023435.9, GN20, GN20.2a, and GN10, respectively.
We note that these values are affected by significant uncertainties of the conversion from CO line strength to H 2 mass. The mean value of 60 is consistent with 54 +14 −11 estimated for z ∼ 1-3.5 SMGs by Kovács et al. (2006) using the CO survey of Greve et al. (2005) . SMGs at z > 4 have one of the lowest gas-todust ratios compared to galaxies selected at other wavelengths, e.g., the Milky Way (∼ 90 − 400; Sodroski et al. 1997) , other spirals (∼ 1000 ± 500; Devereux & Young 1990; Stevens et al. 2005) , the nuclear regions of local luminous IR galaxies, ultraluminous IR galaxies (120 ± 28; Wilson et al. 2008) , and of local, far-IR-selected galaxies (∼ 50; Seaquist et al. 2004 ) (all these results are based on IR and CO data, and are therefore directly comparable to our estimates). This is not surprising, since SMGs are selected by submillimeter emission. Similarly, a low value of M H2 /M d = 30 was found by Bertoldi et al. (2003b) for z = 6.42 quasar, but Cox et al. (2002) reported a higher value of M H2 /M d = 150 for z ∼ 4 quasar. The small number of SMGs and quasars with derived gas-to-dust ratios hampers a comparison of these two samples.
CONCLUSIONS
We have analyzed the SEDs of six spectroscopically confirmed z > 4 SMGs. Our results provide constraints on dust production at these early epochs of the evolution of the universe. We find that AGB stars are efficient and fast enough to form the dust residing in three of these galaxies. However, for the three remaining SMGs only SNe are efficient and fast enough. The high required SN dust yields hint at a possibility that their stars may be distributed according to a top-heavy IMF and/or that dust grains are substantially grown in the ISM. Since the majority of the stars in these galaxies were formed on very short timescales, these properties are very likely to be similar to those of the first galaxies beyond redshift 6, which had been building up their stellar populations only for several hundred Myr, which elapsed since the big bang.
We present evidence that the IR-to-radio luminosity ratios of z > 4 SMGs are consistent with that of lowerredshift SMGs and are offset from the local relation by a factor of ∼ 2.1.
A comparison of the z > 4 SMGs with the lowerredshift sample, in particular their high SFRs, dust temperatures and fraction of stars formed during the ongoing starburst as well as low stellar masses, reveals that we start to see SMGs at earlier stages of their evolution.
The improved mapping speed and sensitivity of the new SCUBA2 camera will enable studies of the evolutionary sequence of SMGs using much bigger and more homogeneously selected samples. Moreover, the study of dust production presented here will be pushed forward with a synergy of Herschel, SCUBA2, and ultimately ALMA. These facilities will provide a broad wavelength coverage at the IR, which will allow accurate determination of dust temperatures and, in turns, its mass.
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APPENDIX

DUST YIELD CALCULATION
We calculated the dust yield per star required to explain dust mass in a galaxy in the following way. In an IMF with M min = 0.15, M max = 120 M ⊙ , and a slope α = 2.35 (Salpeter 1955 , or α = 1.5 for top-heavy IMF), the number of stars with masses between M 0 and M 1 in the stellar population with a total mass of M * can be expressed as
where the denominator provides a normalization so that a total mass is equal to M * . For SNe we assumed M 0 = 8 M ⊙ and M 1 = M max = 120 M ⊙ , whereas for AGB stars: M 0 = 2.5 M ⊙ and M 1 = 8 M ⊙ . The average dust yield per star is equal to the dust mass divided by the number of stars, N (M 0 < M < M 1 ).
